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Abstract Distributed power generation and an ever growing load demand have caused the current level
of fault to exceed the nominal rating of power system devices, and fault current limiters are needed
even more. The Superconducting Fault Current Limiter, SFCL, forms an efficient category of current
limiters. The superconductor part in SFCLs is the most costly part of the device, and minimizing its
volume, while maintaining the required characteristics of the device, would be very beneficial. In this
work, using a Simulated Annealing optimization algorithm, a method has been proposed to determine
minimumrequired bulk superconductormaterial in inductive shield-type SFCL structures. The flux linkage
balance, generated by the superconductor bulk and copper winding (being the base of the optimization
process), has been formulated versus dimensions. The optimumdimensions of the bulk superconductor in
amodel SFCL, having a limitation current of 3A, are determined using the proposed algorithm. A prototype
has been fabricated using determined dimensions, and is tested in an experimental circuit by applying
different types of faults. These experimental results demonstrated satisfactory limiting characteristics of
the fabricated SFCL. The optimum volume of the bulk superconductor material needed for fabrication of
larger scale SFCLs has been calculated and compared with the volume of superconductors employed in
worldwide SFCL projects.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Given the growing demand for electric power and the
increased need for power system interconnection, fault current
levels aremore andmore likely to exceed the short circuit rating
of switchgear equipment and other power system components
(bus bars, current transformers, etc.) [1,2]. To reduce the risk
of damage to this costly electrical equipment and associated
system outages, fault current limiting devices are considered
as serious candidates for insertion into the grid. Among the
technological possibilities are: Superconducting Fault Current
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doi:10.1016/j.scient.2012.09.001Limiters (SFCL), which present advantages of very low losses
in steady state operation, high limiting impedance under fault
conditions, reliable operation, very short reaction times to
fault currents and an automatic response feature without the
requirement of an external trigger mechanism [3,4].
The shielded-core inductive SFCL has beenwell studied over
the last 15 years [5–15]. It consists of a transformer with a
primary winding made of copper, connected in series with the
protected line, and a one-turn secondarywinding consisting of a
bulkHTS cylinder. During steady state operation, the applied AC
load current generates a time varyingmagnetic field shielded by
the HTS cylinder, according to theMeissner effect. Under a fault
condition in the network, the current increases enough tomake
the flux penetrate the iron core, which greatly increases the
impedance of the secondary, since the primary winding passes
from an air-core inductor to a magnetic core reactor. This high
series impedance inserted, therefore, limits the fault current
[4,16–20].
Various designs have been proposed for this type of SFCL
[3,20–26]. The cross-cut view of an inductive shield-type SFCL,
evier B.V. Open access under CC BY-NC-ND license.
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using superconductor cylinders, as employed in this work, is
shown in Figure 1.
Superconductor materials contribute to the most costly part
of this type of SFCL. In thiswork, an optimizationmethod, based
on Simulated Annealing, is proposed forminimizing the volume
of the superconductor cylinder for a specified activation current
of the SFCL. This optimization process is based on the pre-fault
flux linkage balance between the superconductor bulk and the
copper coil. Basically, an investigation into the superconductor
bulk and the copper coil dimensions impact on their magnetic
flux generation capability is made. Through this, the minimum
requiredmaterial for the current limitation to a specific value is
determined.
The proposed optimization algorithm is implemented to
design of a SFCL with limitation current of 3 A. A prototype
inductive shield-type SFCL is designed and fabricated using
YBCO bulks, according to the resulted optimum dimensions.
This prototype SFCL is tested in a 30 V circuit of 1.5 A nominal
current. Two kinds of fault;
1. The supply terminal fault, and
2. The load terminal fault,
are introduced to the circuit and the related fault currents are
measured.
These experimental results show that the SFCL with a
minimum volume of superconductor cylinder has an adequate
limitation capability. In this work, the optimum dimensions
of the superconductor cylinders for larger scale SFCLs of this
type are also determined, and their volumes are comparedwith
the volumes of superconductors employed in worldwide SFCL
projects.
2. SFCL operation
Based on the structure of this type of SFCL, as shown in
Figure 1, (realizing its axial symmetry) a two-dimensional
model of the inductive shield-type SFCL is developed, as shown
in Figure 2.
The main design parameters of this type of SFCL are shown
in Figure 2 and are defined as follows:Figure 2: Two-dimensional schematic of shield-type SFCL.
ℓ1: length of copper winding,
ℓ2: length of bulk superconductor cylinder,
N: number of turns of copper winding,
dcu: copper wire diameter,
n: number of copper winding layers,
r2i: interior radius of superconductor cylinder,
r2o: exterior radius of superconductor cylinder,
r1i: interior radius of copper winding,
r1o: exterior radius of copper winding,
rc : radius of iron core,
Jc : critical current density of YBCO bulk,
µr : relative permeability of iron core.
A main attribute of the SFCL is the current magnitude at
which the current limiting characteristic starts to play a role,
and this current is nominated as Istart in this paper.
Meanwhile, three operation phases can be distinguished in
the SFCL operation, as discussed in the following subsections.
2.1. Normal operating phase
In this state, no flux enters the core, and, hence, the core is
invisible and no limitation is enforced. The SFCL represents a
very small inductance in this state.
Based on the Bean model, the current density of the bulk
would be a constant value named Jc in an outermost shell and
zero elsewhere [27].
2.2. Fault current limiting inception
At this state, the flux is at the threshold of entering the core,
while no abrupt impedance rise has occurred.
From the Beanmodel, the current density in the whole bulk,
r2i < r < r2o, would be the constant value of Jc .
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have the flux penetrate into the core and initiate the current
limiting process, is Istart.
2.3. Current limiting phase
When a fault occurs, as a consequence of the current passing
the SFCL, its primarywinding flux density increases, causing the
flux lines to penetrate the core. This, accordingly, results in a
considerable impedance increase.
According to the Beanmodel, the current density in the bulk
would also be the constant value of Jc over thewhole bulk in this
state, the same as in the fault current limiting inception phase.
3. Calculation of the superconductor flux linkage
The limiting phase of the SFCL operation occurs when the
flux linkage generated by the copper winding exceeds the flux
linkage generated by the bulk superconductor. Thus, both these
flux linkages should be calculated in order to observe the flux
balance inside the core and to maintain the required limitation
characteristics of the SFCL. In other words, an investigation
into the superconductor bulk and the copper coil dimensions
impact on their magnetic flux generation capability should
be made. For example, decreasing the inner diameter of the
superconductor cylinder, apparently, increases the flux density
inside the core, but decreases the core cross section. Thus,
variations of the overall flux linkage, being the product of
flux density and cross section, with the superconductor bulk
dimensions, should be acquired.
To obtain the flux linkage, the magnetic field intensity is
calculated everywhere inside a ring of radius r and a carrying
current of I . At a point of radius r0 and height of z0 from the ring
surface, the magnetic field intensity may be deduced from the








in which, vector R is calculated from Figure 3, as Eq. (2):
−→
R = −(r − r0 cosϕ)−→r − r0 sinϕ−→ϕ + z0−→z . (2)
To obtain the flux through the cylinder, only the z
component of the magnetic field intensity is important, which
knowing that
−→
dℓ = rdϕ−→ϕ and −→r = cosϕ−→x + sinϕ−→y is






· r − r0 cosϕ
r2 + r20 − 2rr0 cosϕ + z20
3/2 dϕ. (3)
The tubewith a volume current density of Jc maybe assumed
to be composed of the cylindrical shells of thickness dr , as in
Figure 4. The overallmagnetic field intensity at a point of radius,
r0, relative to the central axis, andwith height, z0, relative to the
middle point of the cylinder, may be calculated by integration
over the height of the cylindrical shells, and also over the
radius from interior radius r2i to exterior radius r2o to yield the












× r − r0 cosϕ
r2 + r20 − 2rr0 cosϕ + (z0 − z)2
3/2 dϕdrdz. (4)Figure 3: Ring with radius r and carrying current I , showing components of
vector
−→
R in Biot-Savart law.
Figure 4: Integration limits for flux linkage calculation inside a cylinder.
Since the purpose is to obtain the flux through the core, the
last integration should be over the core cross section with the
surface element of 2πr0dr0. These considerations yield the flux













× r − r0 cosϕ
r2 + r20 − 2rr0 cosϕ + (z0 − z)2
3/2 dϕdrdzdr0. (5)
As the flux linkage should be constant along the bulk super-
conductor, in this work, the cross sectional area corresponding
to z0 = 0 is taken for the flux linkage calculations.
The flux linkage of the copper coil may be calculated in
a similar method. Using Eq. (3), and taking into account the
propagation of the coil in both radial and axial directions, the
magnetic field intensity of the copper coil in the middle cross
sectional area of the coil, i.e. the cross sectional area of z0 = 0,
is obtained as Eq. (6): is given in Box I.









I(r1i + (k+ 0.5)dcu)
4π
· (r1i + (k+ 0.5)dcu)− r0 cosϕ
(r1i + (k+ 0.5)dcu)2 + r20 − 2(r1i + (k+ 0.5)dcu)r0 cosϕ + (jdcu)2
3/2 dϕ (











Istart(r1i + (k+ 0.5)dcu)
4π
× (r1i + (k+ 0.5)dcu)− r0 cosϕ
(r1i + (k+ 0.5)dcu)2 + r20 − 2(r1i + (k+ 0.5)dcu)r0 cosϕ + (jdcu)2
3/2 dϕ (
Box IIThe copper coil flux linkage through the assumed cross
sectional area of the core with a surface element of 2πr0dr0,
in the current limitation threshold, i.e. I = Istart, would be as
Eq. (7): is given in Box II.
4. The optimum bulk volume determination
The limiting current of SFCL is usually taken to be twice the
system nominal current: Istart = 2Inominal [29].
dcu may be calculated using the nominal current as Eq. (8):






where Jcu is the current density in the copper wire, under
ambient temperature, and K is a coefficient, which accounts for
the skin effect in the copper wire.
As the current limitation of SFCL starts when the flux
balance between the superconductor material and the copper
coil is at the threshold of disturbance, the minimum required
superconductor material for the current limitation capability
of the SFCL in a specific activation current of Istart should be
calculated through λsc = λcu.
Assuming some specific values for rc, r1i, n and ℓ1, for cop-
per winding, the required flux linkage would be determined
from Eq. (7). Assuming values for r2i and r2o, for each set of
(rc, r1i, n, ℓ1), the quadruple integral in Eq. (5) is calculated ver-
sus ℓ2 by numerical methods, and the result is plotted. A typ-
ical curve for the flux linkage of the superconductor cylinder
versus its height is shown in Figure 5. The required flux link-
age would yield a value for ℓ2 from the plot. Thus, parameters
rc, r2i, r2o, ℓ2, r1i, n and ℓ1, which satisfy the flux linkage bal-
ance in the specified activation current of Istart, are obtained. The
volume of the bulk for the obtained choice is calculated and this
cycle is repeated using the Simulated Annealing optimization
method, until the minimum volume is obtained. The flowchart
of this optimization algorithm is shown in Figure 6.
For In = 1.5 A, Istart = 3 A, Jc = 10 A/mm2 and Jcu =
3 A/mm2, the optimum dimensions for the cylinder have been
obtained as r2i = 14 mm, r2o = 17 mm, ℓ2 = 4 mm.
A prototype is fabricated with optimal dimensions deter-
mined for the superconductor cylinder, the details of which are
given in Section 5.
5. The fabricated prototype SFCL
The design parameters of the fabricated prototype are
presented in Tables 1 and 2. A view of the fabricated SFCLFigure 5: Flux linkage of the superconducting cylinder versus its height for:
rc = 14 mm, r2i = 16 mm and r2o = 18 mm.
Table 1: Superconductor cylinder parameters.
Internal radius of the superconductor cylinder, r2i 14 mm
External radius of the superconductor cylinder, r2o 17 mm
Length of the superconductor cylinder, ℓ2 4 mm
Table 2: Copper winding and core parameters.
Copper wire diameter, dcu 0.8 mm
Turns number of the copper winding, N 50
Internal radius of the copper winding, r1i 18 mm
Length of the copper winding, ℓ1 40 mm
Radius of the core, rc 13 mm
Relative permeability of the core, µr 500
is shown in Figure 7. The copper winding has been split into
two parts and the superconductor ring is set between the
two copper coil parts. This structure makes the cooling of the
superconductor ring more efficient.
6. Test of the prototype SFCL
The developed prototype has been used in a test system.
For cooling of the device, it is immersed in 77 K liquid
nitrogen.
A typical single phase system, having 30 V peak in voltage
waveform, with an internal source inductance of 2mH, and line
resistance and inductance of 0.2  and 2 mH, respectively, is
employed for the test system, as shown in Figure 8.
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Two fault cases are investigated. In the first case, a short
circuit fault, at the SFCL terminal, is studied, which is named
‘‘Fault case 1’’. Subsequently, in a second test, a fault at the load
terminal is studied, which is named ‘‘Fault case 2’’.Figure 8: Test system and fault cases.
7. Results and analysis
The experimental test results are shown in Figure 9, for both
cases 1 and 2, and are comparedwith the fault currents without
the SFCL. The manufactured device has successfully limited the
fault current to 3 A.
The volume of the superconductor cylinder in the fabricated
prototype SFCL is equal to 1169 mm3. In Ref. [30], a core-
shield type SFCL has beenmanufacturedwith a limiting current
of 2.65 A in which the superconductor tube dimensions are:
r2i = 29.5 mm, r2o = 32 mm, ℓ2 = 50 mm, and the volume
of the superconductor tube would be equal to 24 151 mm3,
which, apparently, is much higher than the optimal value
obtained in this work. Thus, the limitation of the same
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Istart (A) 1 2.65 5 30 123 3200
[30] [30] [5] [5] [31] [32]
Internal radius, r2i (mm) 7.5 29.5 25 20 52 225
External radius, r2o (mm) 9 32 25.2 25 57 225.2
Length, ℓ2 (mm) 15 50 70 70 50 1080
Volume, V (mm3) 1166 24151 2208 49480 85608 305500Table 4: Dimensions of superconductor cylinder from the optimization program.
Istart (A) 1 2.65 5 30 123 3200
Internal radius, r2i (mm) 11 14.5 16.2 23.8 41 163
External radius, r2o (mm) 13.5 16.7 18.3 28.4 45.5 164.3
Length, ℓ2 (mm) 4.5 4.9 8.8 38.4 44 182.7
Volume, V (mm3) 866 1057 2003 28967 53806 244218Figure 9: Test result for the fault in (a) SFCL terminals, (b) load terminals, and
comparison with fault currents without SFCL.
current has been accomplished with a minimum amount of
superconductor material.
Dimensions of the bulk superconductor cylinder in several
SFCL projects undertaken worldwide, for various start currents,
are presented in Table 3.
Using the optimization program, dimensions yielding the
minimum volume of the superconductor cylinder have been
calculated for the same limiting currents of those SFCLs and are
presented in Table 4. Comparing the dimensions given in the
tables, it is concluded that this optimization method hands in a
goodmethod for volume reduction of superconductor cylinders
in this type of SFCL.
8. Summary and conclusion
Based on the flux balance requirement in different SFCL
operation modes, and through magnetic field calculation,
it is possible to determine the minimum required volume
of superconductor material using the heuristic optimization
methods presented in this work. This optimization process
yields optimum dimensions for superconductor bulk. Since the
most costly item in fabrication of this type of SFCL is the
superconductor material, the results of this minimization are
economically justified.
The fabricated prototype SFCL successfully limited various
imposed fault currents, and demonstrated the feasibility of
economic gain by minimizing the superconductor material
required.
For larger scale SFCLs, the dimensions yielding theminimum
volume of superconductor cylinder are calculated too. Whenthese are compared with other reported projects, it is shown
that this method of optimal dimension determination resulted
in a lower volume for the superconductor bulk.
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